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Introduction
In the kidney, free amino acids are filtered in the renal corpuscles and reabsorbed to a large extent in the proximal tubules, although reabsorption of taurine may occur also in the distal tubule (7) . Biochemical studies have revealed considerable amounts of free amino acids in rat kidney (9,10,13). However, the precise intrarenal distribution of free amino acids remains to be determined. Since the pioneering immunocytochemical work of Storm-Mathisen and collaborators on y-aminobutyric acid (GABA) and glutamate, many amino acids have been successfully localized in various neural tissues (1,2,19) . In those studies, free amino acids were fixed on tissue proteins by glutaraldehyde without redistribution of amino acids, and it was demonstrated that amino acid immunocytochemistry is a new and powerful tool to localize each amino acid in the brain (11) . Interestingly, antibodies used in those studies were not reactive to amino acids in the peptide chain of the carrier protein (1) . In the kidney, GABA-like immunoreactivity has been demonstrated in structural elements, such as the epithelial cells of the loop of Henle, the connecting tubules, and the collecting ducts (14) . In the present study, we examined the distribution of aspartate, glutamate, and taurine in rat kidney by an hmunoperoxidase method with highly purified antibodies.
Correspondence to: Prof. Reiji Semba, Dept. of Anatomy, Mie University School of Medicine, %U, Mie 514, Japan. medulla, the immunoreactivity specific for aspartate and for glutamate was similar; it was weak in the thick portion of the loop of Henle and strong in the collecting tubules. Immunoreactivity specific for taurine was restricted to regions within the epithelia of the thin portion of the loop of Henle and the collecting tubules. The significance of the accumulated amino acids as osmoregulatory agents is discussed. ( J Hisrochem Cgtochem 42621-626, 1994) KEY WORDS: Kidney; Amino acid; Glutamate; Aspartate; %urine; Immunohistochemistry; Renal tubules.
Materials and Methods
Animals. Adult Wistar rats bred in our laboratory were used in this study. They were maintained in an animal room at a temperature of 22 * 2'C with a relative humidity of 55 * 10% and a lightldark cycle of 14/10 hr (light period 800-2200). A commercial diet (NMF; Oriental Y e a s t , Tokyo, Japan) and tapwater were supplied ad libitum.
Antibodies. Aspartate-specific, glutamate-specific, and taurine-specific antibodies were prepared essentially as described previously (1, 3) . In brief, each amino acid was coupled with rabbit serum albumin (RSA) via glutaraldehyde (GAL) and each amino acid-GAGRSA conjugate was emulsified with an equal volume of complete Freund's adjuvant and injected repeatedly intracutaneously into multiple sites on the back of a rabbit. Each antibody was purified by affinity chromatography with the respective amino acid immobilized on cellulofine GCL2OOOm (Seikagaku Kogyo; Tokyo, Japan), as described by Matsumoto et al. (12) . Specificities of the purified antibodies were examined by a dot immunobinding assay (8) . The purified antibodies demonstrated a significant reactivity only with the inoculated amino acid (Figure 1 ). Fixation and Sectioning of Tissue. Six adult rats (three males and three females) were deeply anesthetized with an IP injection of sodium pentobarbital and were perfused transcardially with Schmechel's fixative (16) that contained 4 % paraformaldehyde, 1% GAL, 0.2% picric acid, and 2% sucrose in 0.1 M sodium acetate buffer, pH 6. After the perfusion, kidneys were dissected out and allowed to stand in the fixative for 4 hr. Then they were rinsed several times with 50 mM Tris-HC1 buffer, pH 7.6, dehydrated with a graded alcohol series and acetone, and embedded in paraffin. Fivepm thick sections were mounted on albumin-coated slides. 4 Figure 1 . Dot immunobinding assay of aspartate-, glutamate-, and taurinespecific antibodies. Specificity of the antibodies was studied by a dot immunobinding assay on a nitrocellulose membrane. Rabbit serum albumin conjugates of various amino acids, including L-glutamate (Glu), L-aspartate (Asp), glycine (Gly), taurine (Tau), GABA. palanine @Ala), L-arginine (Arg), L-leucine (Leu), valine (Val), and ornithine (Om). were applied to a nitrocellulose membraneand incubated with an affinity-purified antibody at adilution of 1:500. Antigen-antibody reactions were visualized by the peroxidase-anti-peroxidase method. Purified antibody gave a strong immunostaining only on the spot of the specific amino acid against which the antiserum had been raised (arrows). (Left) Glutamate-specific antibody; (mlddle) aspartate-specific antibody; (right) taurine-specific antibody.
Immunocytochemical Promsing. Sections were dcparaffinized in xylene and left in 0 . 3 1 H202 in methanol for 5 min. They were dehydrated through a graded alcohol series and washed twice in NaCI-TB (50 mM Tris-HCI buffer containing 500 mM NaCl pH 7.6) for 5 min each (2). Sections wcrc incubated in normal goat scrum that had bccn diluted 1:50 in NaCI-TB for 30 min at room temperature (RT). Then the sections were incubated sequentially with antibodies against specific amino acids (0.1 pgglml NaCI-TB) for 16 hr and in antibodies against rabbit IgG that had been raised in goat and conjugated with horseradish peroxidase (Medical & Biological Laboratories; Nagoya, Japan). The second antibody had been diluted 1:200 with NaCI-TB and incubation with the second antibody was allowed to proceed for 1 hr in a moist chamber at RT. Pre-immune rabbit serum at a dilution of 1:500 was used for controls. The sections that had been treated with first and second antibodies were incubated for 10 min at RT with 3,3'-diaminobentidine tetrahydrochloride (Dojindo Chemical Institute; Kumamoto. Japan) as chromogen, which had been freshly prepared as a solution of 20 mg in 100 ml NaCI-TB that contained 0.01% H202. The sections were rinsed several times between each step in NaCI-TB. To identify the immunonegatiw structures of the kidney, some neighboring sections were stained with hematoxylin and eosin.
Results
At low magnification of the renal cortex. immunoreactivity for aspartate and glutamate was more prominent in some tubule structures than in the renal corpuscles (Figures 2A and 3A) . At higher mag-nification, immunoreactivity was evident in the renal corpuscles, distal tubules, and the collecting ducts ( Figures 2B and 3B ). An examination of neighboring sections stained with hematoxylin and eosin allowed us to identify the immunoreactive structures in the renal corpuscles as podocytes and the cells of Bowman's capsule. In the wall of the collecting ducts, about one half of the epithelial cells were heavily stained, whereas the other half were only weakly stained ( Figures 2B and 3B) . At higher magnification, the former cells were identified as the principal cells and the latter cells as the intercalated cells. In the case of taurine, renal corpuscles were more prominent than the tubule structures ( Figure 4A ), which were identified as the collecting ducts ( Figure 4B ). Although the pattern of staining in these structures was similar to those for aspartate and glutamate, taurine-specific immunoreactivity was not found in the distal tubules ( Figure 4B ).
In the renal medulla, staining patterns of aspartate and glutamate were similar to each other in low-power magnifications ( Figures  2A and 3A) . At higher magnifications, aspartate-specific immunoreactivity in the collecting duct was intense in the outer medulla but weak in the inner medulla ( Figures 2C and 2D) . The thick portion of the loop of Henle was faintly stained ( Figure 2C ), and some tubules in the thin portion of the loop of Henle were also stained ( Figure 2D ). In the case of glutamate, immunoreactivity in the collecting duct was strong in both the inner and the outer medulla ( Figures 3C and 3D) . Staining of the thick portion of the loop of Henle was weak ( Figure 3C ), and some of the thin portion of the loop was also stained ( Figure 3D ). Taurine-specific immunoreactivity was distinct in tubule structures in both the inner and the outer medulla at low-power magnification ( Figure 4A ). The structures were revealed to be the thin portion of the loop of Henle and the collecting duct ( Figures 4C and 4D) . Different from the stainings of aspartate and glutamate, the thick portion of the loop of Henle was not stained ( Figure 4C ). Control sections revealed no positive staining (not shown).
Discussion
Biochemical studies have revealed a high concentration of free amino acids in the kidney (4, 9, 10, 13) . According to a recent report based on results obtained with a high-speed amino acid analyzer, amino acids, including those examined in the present study, are abundant in rat kidney and, in particular, in the renal medulla (13) . Our present results, as shown in Figures 2-4 , seem to reflect the biochemical data. Moreover, the precise localizations of aspartate, glutamate. and taurine were revealed for the first time by an immunohistochemical method in the present study. A study of the distribution of some additional amino acids is in progress in our laboratory.
The mechanism responsible for the high concentrations of free amino acids in the renal medulla is not fully understood. Amino 
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acids that have been filtered out in the renal glomeruli are reabsorbed to a large extent in the proximal tubules in a Na+-linked manner (15,17,21,22 ). In the present study no accumulation of amino acids in the proximal tubules was apparent, suggesting that amino acids are readily transported from these tubules to the circulating blood and do not accumulate in the tubules. It has become increasingly clear that absorption ofamino acids takes place not only in the proximal tubules but also in the distal segments of the and interstitium in the renal medulla (5-7).~'E1urine-specific immunoreactivity demonstrated in the thin portion of the loop of Henle might represent a step in this recycling. Although the me&anism for accumulation of amino acids in the collecting duct is unknown, the physiological significance of such an accumulation as an osmoregulatory mechanism has been proposed (13). High concentrations of various amino acids in the epithelia of the distal part of the nephron, as revealed in the present study, contribute to the high intracellular osmotic pressure of that region of the tubules, protecting them from dehydration. Recently, GABA-immunoreactive structures were reported in the rat kidney (14) . GABA was found in the epithelial cells of the thin and the thick portions of the loop of Henle, in the connecting tubules, and in the collecting ducts, but not in the renal corpuscles (14) . The pattern of distribution of this amino acid is not identical to any of the patterns revealed in the present study. Therefore, the distribution of each individual amino acid examined to date appears to be specific. However, we also note that amino acids were frequently concentrated in specialized cells, e.g., in podocytes, cells of Bowman's capsule, the collecting duct, and Henle's loop, whereas no amino acids were found in the proximal tubules. It is also of interest that among the four amino acids examined to date, aspartate and glutamate showed relatively small differences in their distribution. The similarity in the patterns of localization between these two amino acids may reflect the similarity of their molecular structures.
In the inner medulla of the kidney, the distributions of aspartateand glutamate-specific immunoreactivity in thin portions of the loop of Henle were heterogeneous. This observation may reflect the internephron heterogeneity that has been suggested by a physiological study of the turnover of aspartate (18). Further studies are necessary ifwe are fully to understand the mechanism and physiological significance of the accumulation of various amino acids in the specialized structures of the kidney, as revealed in the present study.
After submission of the present article, a report describing immunohistochemical localization of taurine in the rat renal tissue appeared (20). Localization of taurine immunoreactivity was almost the sanie as that revealed in the present study.
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